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ABSTRACT 


> 


Model  BR-5  was  the  second  in  a series  of  experimental  models  to  be 
used  in  the  investigation  of  the  elastic  stability  of  the  shell  component  of 
ring-reinfc'ced  cylinders  subject  to  external  hydrostatic  pressure.  This 
model  was  intended  to  be  a duplicate  of  the  first  model,  BR-1,  to  check  on 
repeatability  of  test  results.  The  pressures  at  which  the  first  lobe  formed 
in  each  of  the  two  models  were  identical,  although  the  maximum  load-carrying 
capacity  of  BK-5  was  siignuy  less  iimu  umtuf  BR-1. 

An  automatic  recording  deflectometer  was  used  during  the  test  to  re- 
cord circularity.  From  a study  of  the  circularity  plots  at  each  station,  the 
following  observations  may  be  made: 


(a)  at  each  ring  the  inward  radial  displacement  was  fairly  uniform  around 
the  periphery  of  the  model,  and 

(b)  for  those  stations  located  midway  between  rings  in  the  four  equal 
bays  of  the  model,  the  radial  displacements  were,  for  the  most  part,  exagger- 
ations of  the  initial  no-load  contours. 


An  examination  of  the  lobe  formation  during  the  test  and  an  inspec- 
tion of  the  pictures  indicated  that  the  lobes  in  adjacent  bays  were  stag- 
gered. Furthermore,  with  such  stagger,  there  was  virtually  no  rotation  of 
the  generator  at  the  two  frames  bounding  a lobe.  This  mode  of  deformation 
differs  considerably  from  the  von  Mises  assumption  of  no  rotational  restraint 
at  the  edge  of  a finite  cylinder  bui  is  in  agreeuieut  with  one  cf  the  analyses 
of  Salerno  and  Levine. 

The  von  Mises'  theory  for  predicting  the  buckling  pressure  of  a cylindri- 
cal shell  of  finite  length  having  the  geometry  of  BR-5  and  subject  to  hydrostatic 
pressure  yields  a minimum  value  of  123  psi  for  a buckled  configuration  of  16 
lobes.  The  experimentally  determined  buckling  pressure  for  Model  BIi-5  was  80 
psi  with  a buckled  configuration  of  14  lobes.  Permanent  set  after  removal  of 
the  pressure  of  80  psi  was  evident  in  the  regions  of  the  first  three  lobes  in 
Model  BR-5.  Initial  out-of-roundness  and  residual  welding  stresses  are  possible 
explanations  of  the  deviation  of  the  experimental  from  the  theoretical  result. 
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INTRODUCTION 

An  experimental  investigation  of  the  elastic  stability  of  the  shell  component  of  ring* 
reinforced  cylinders  has  been  initiaved  at  the  David  Taylor  Model  Basin  to  develop  a more 
comprehensive  understanding  of  this  phenomenon.  The  instrumentation  and  procedures 
adopted  for  these  tests  of  approximately  12  ring-reinforced  cylinders  are  intended  to  develop 
necessary  information  concerning  both  buckling  pressures  and  buckling  configurations  on  the 
basis  of  which  a rigorous  theory  could  be  validated. 

l&e  second  model  tested,  B tv-6,  bad  a thinness  ratio"  a of  L.7G6*  (ivefe recce  ij.  - ii 
was  very  nearly  a duplicate  of  the  first  model,  BR-1  (Reference  2,  page  37),  however,  the 
technique  used  in  welding  the  rings  to  the  shell  was  modified  on  BR-5  because  of  the  unde- 
sirable initial  out-of-roundness  of  BR-1.  Hence  the  second  model  did  not  serve  as  a coatrol 
on  shop  methods  in  all  respects. 

m this  report  Model  BR-5  is  described,  the  progressive  failure  of  the  model  under  in- 
creasing hydrostatic  pressure  is  demonstrated  by  photographs  and  circularity  contours,  and 
the  results  of  this  tost  are  discussed  and  compared  with  the  results  of  tests  of  Model  BR-1. 

A brief  discussion  of  the  automatic  recording  deflectometer  used  to  obtain  the  circularity  con- 
tours of  Model  BR-5  is  given  in  Appendix  L 


DESCRIPTION  OF  MODEL 

Model  BR-5  was  a ring-stiffened  cylindrical  shell  with  four  equal  bays;  the  geometric 
characteristics**  were: 

2K  » 26 . 7 50  iu.  L/>  5 . 27  in. 

h - 0.062  in.  L « 4. 92  in 

Here  2R  is  the  diameter  to  the  median  surface  of  the  shell,  h is  the  thickness  of  tho  sheet 
before  roiling,  Ly  is  the  center-to-center  distance  between  adjacent  rings,  and  L is  the  dis- 
tance L f diminished  by  (a)  the  thickness  of  one  ring  und  (b)  two-thirds  the  axial  dimension 
of  both  of  the  welds  joining  the  rings  to  the  shell.  With  the  above  dimensions  and  a yield 
strength  of  54,400  psi,  the  thinness  ratio  A,  is  1. 705. 

A schematic  diagram  of  Model  BR-5  is  shown  in  Figure  1.  During  fabrication  a bulk- 
head ring  was  used  at  one  end  to  hold  the  model  to  circular  shape.  The  model  was  closed  at 

^Reference*  at*  Hated  on  pa*e  37. 

la  the  unsupported  length  of  cylindrical  sht!i, 
la  the  mean  radius, 
la  the  shell  thickness, 
is  the  modulus  of  elasticity,  vxd 
Is  th#  yield  point  (compress  »v*). 

The  parameters  describing  Model  HR- 1 were  2R  = 26.  753  in;,  h =0. 06S  In.,  L ° 4.92  In.,  A = 1.  62  and 
= 6 J,  700  psi. 


one  end  by  a heavy  stiffened  closure  plate  and  was  welded  at  the  open  end  to  a heavy  serrated 
ring  used  for  mounting  the  model  in  the  hydrostatic  test  chamber. 

The  cylindrical  shell  of  the  model  was  fabricated  on  a mandrel  having  an  outside  diam- 
eter  of  26  . 688  in.  The  shell  was  rolled  from  a 1/ 13-in.  (nominal  thickness)  sheet  of  Alan 
Wood  steel,  and  the  rings  were  made  from  high  tensile  steel  plating.  The  1/  16-in.  steel  sheet 
used  for  the  shell  plating  was  sand-blasted  with  ordinary  silica  and  then  cold-rolled  to  within 
approximately  0.01  in.  of  the  radius  of  the  mandrel.  Shell  thicknesses  were  measured  before 
rolling;  the  *v«r*g«»  nhnll  thickness  was  0.062  in.  The  shell  plating  was  held  in  cosirion  on 
the  mandrel  by  three  clamping  bands  drawn  tight  by  bolts  while  the  longitudinal  seam  of  the 
model  was  being  welded.  This  weld  closed  the  gap  of  approximately  1/82  in.  which  existed 
in  the  shell  after  the  bands  had  been  drawn  tight.  After  the  weld  had  been  dressed  down  to  be 
flush  with  the  shell  plating,  the  rings  were  placed  os  the  model  and  welded  in  a soquence  in- 
tended to  produce  minimum  distortion  of  both  noell  plating  and  rings.  This  initial  distortion 
arising  in  the  construction  of  Model  BR-1  was  so  marked  that  it  was  decided  to  change  both 
the  welding  sequence  and  the  order  in  which  the  rings  were  placed  on  the  model  during  con- 
struction of  BR-5.  The  procedure  followed  in  welding  the  rings  to  the  shell  is  shown  in 
Figure  2. 
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Figure  1 - Schematic  Drawing  of  Model  BR-5 


It  is  to  be  noted  that  the  corners  of  the  rings  in  contact  with  the  shell  plating  were 
undercMt,  as  shown  in  Figuro  1,  so  that  the  faying  width  of  the  rings  would  exceed  the  desired 
thickness  of  tho  rings  (3/18  in.)  by  a minimum  amount.  Uoon  completion  of  the  model,  it  was 
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found  that  the  average  faying  width  of  the  rings  was  0.  42  in.  and  that  of  the  bulkhead  ring 
0.82  in.  This  distance  was  measured  from  toe  to  toe  of  the  welds. 


r 


t 


i 

i 


[ 


i 


i 

i 


!T""B  M 

3 2 I 


Ring 


Ordsr  In  Which  Rings  Ware  We  Ids  d on  Model 


1 

r 


■f 


i 


\ 


l 


Figure  2 - Welding  Sequence  for  Model  BR-6 

A four-point  wcldii  7 • r.^o  wee  used  in  placing  the  rln*  * on  Model  LR-5  Instead  of  the  sight-point  welding 

sequence  need  In  ot  aatrutlng  Model  BR*1  (Reference  2)  to  reduce  the  Initio!  distortion  that  was  found  to  be 
present  In  B^-L  In  u ur-point  welding  sequence  the  weld  was  started  eve*  m length  of  about  3 in.  on  both 
aides  of  the  ring  (Point  i,  end  then  continued  fo*  a length  of  3 in.  at  a point  180  dog  from  Point  U i*e.f  Point  2. 
Feat  welding  waa  v Point  3.  which  Ik  90  dag  from  Point  1 , and  then  at  Point  4,  which  is  180  deg  from 

Point  3;  the  length  cf  both  - vide  was  f^ual  to  that  of  the  firat  reld.  WeKlng  waa  then  continued  In  a counter- 
clock  wise  direction  In  ear'1  of  the  four  unwelded  regions  until  the  ring  waa  secured  to  the  shell.  The  rings  were 
placed  on  the  model  by  Sij'  welding  tfc.g  1 to  the  shell  end  then  tnoeinc  along  the  length  of  the  model  toward 
the  bulkhead  ;lng  wvJ;  .Unfce  X 3,  4,  *rul  6*  respectively. 
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To  check  the  yield  strength,  ten  specimens  of  the  shell  plating,  2 3/8  in.  long  and 
1/2  in.  by  1/16  in.  in  cross  section,  were  cut  from  the  flat  sheet  before  ir  wt  s rolled  into  a 
cylinder.  Six  of  these  specimens  were  cut  with  the  long  dimension  in  the  direction  of  rolling 
(longitudinal  specimens),  and  the  remaining  four  specimens  were  cut  with  the  long  dimension 
in  the  direction  perpendicular  to  rolling  (transverse  specimens).  The  average  compressive 
yield  point  in  the  direction  of  rolling  of  the  sheet  was  62,600  psi;  that  in  a transverse  direo- 
tion  was  67,100  psi.  The  mean  compressive  yield  point  without  regard  to  direction  of  rolling 
was  thus  64,400  psi.  Since  no  accurate  determination  of  the  compressive  modulus  of  elastic* 
ity  was  made  with  these  specimens,  the  value  of  30 . 6 x 10®  psi  determined  previously  for 
similar  sheet3  was  accepted  as  a nominal  value. 

it  was  stipulated  in  the  Taylor  Model  Basin  specifications4  for  construction  of  the 
model,  that  the  oubof-roundness  of  the  ring-reinforced  shell  was  not  to  exceed  ono-half  the 
shell  thickness.  The  outiof-roundness  was  defined  as  the  difference  between  the  maximum 
and  minimum  distances  of  the  sbeil  from  a circle  ''entered  so  that  it  best  fitted  the  contour  of 
the  shell. 

By  the  criterion  for  the  measurement  of  out-of-roundness  proposed  by  Holt5,  Model 
BR-5  displayed  an  out-of-roondness  of  0 . 0232  in.  Thus  the  maximum  ratio  of  eccentricity  to 
shell  thickness  according  to  Holt’s  criterion,  is  0.374;  this  occurred  at  Station  4.  Holt’s 
criterion  indicates  that  the  initial  circularity  of  Model  BR-5  was  better  than  that  of  Model 
BR-1,  which  had  a maximum  ratio  of  eccentricity  to  shell  thickness  of  1. 023. 

TEST  APPARATUS 

Circularity  for  Model  BR-5  was  measured  hy  means  of  an  automatic  recording  dcT.cc- 
tometer  (see  Appendix  1).  This  defiectometer,  which  replaced  a manually  operated  defleo 
tometer,  was  specially  designed  and  built  to  conserve  time  required  to  take  circularity  data 
and  to  provide  a means  of  recording  circularity  data  from  outside  the  new  8-ft  pressure  tank 
at  the  Tiyior  Mode*  Basin. 

Model  BR-5  was  tested  in  the  37»in.  diameter,  1500-psi  pressure  tank  at  the  Taylor 
Model  B&oin.  Oil  was  used  as  a pressure  medium,  and  pressure  was  applied  to  the  external 
surface  of  the  shell  by  means  of  a manually  operated  pump.  In  order  to  expedite  testing,  dis- 
placement data  were  taken  only  at  the  upper  six  stations  at  any  one  pressure  increment  and 
or.l)  at  the  remaining  seven  stations  at  the  succeeding  pressure  increment;  the  sequence  is 
indicated  in  Table  1.  Several  runs  were  made  to  minimize  nonlinearity  in  the  final  applica- 
tion of  load  leading  to  failure. 

The  hydrostatic  pressure  exerted  upon  the  exterior  of  the  shell  was  measured  by  means 
of  an  elastic-tube  pressure  gage  calibrated  so  that  a reading  of  1 p in./in.  of  strain  corr^ 
sponded  to  a pressure  of  1 psi  on  the  model.  Since  the  strains  indicated  by  the  elastio-tube 
pressuro  gage  were  read  on  on  SR-4  strain  indicator,  the  pressure  could  be  measured  only  to 
the  nearest  5 psi.  The  hydrostatic  pressure  wa9  also  measured  during  the  test  by  means  of  a 


Bourdon  gage  which  had  been  calibrated  oo  a dead- weight  tester  before  the  model  test  was 
started.  The  smallest  subdivision  on  the  dial  of  the  Bourdon  gage  oorreeponded  to  a pressure 
increment  of  5 psi.  With  this  sensitivity,  pressure  increments  of  2. 6 psi  could  be  determined. 
Although  this  accuracy  is  adequate  for  these  tests,  even  greater  precision  would  have  bees 
desirable.  All  pressures  reported  during  the  test  were  read  from  the  elaatic-tubo  gage  and 
checked  by  the  Bourdon  gage. 

TABLE  1 


Pressure  Increments  of  Test  of  Model  BR-5 


Run  1 

Run  2 

Run  3 

Run  4 

Pressure 

psi 

Stations  at 

<As 

were  taken 

Pressure 

psi 

Stations  at 

dellecifons 
were  taken 

Pressure 

psi 

Stations  at 
.jpdi 
deflections 
were  taken 

Pressure 

psi 

Stations  at 

deflections 
were  taken 

0 

1-13 

0 

0 

0 

2D 

7-  13 

2D 

20 

80 

4,6,8,10 

40 

1-  6 

40 

40 

85 

5C 

7-  13 

50 

90 

SO 

l-  6 

60 

95 

70 

7-  13 

70 

80 

1-  13 

Failure 

0 

3,4,5,6,10 

TPfT  nnnpppimp  I ui.  np.it.  p. 

i i rKUucvunc  snu  nouu) 

Before  external  pressure  was  applied  to  the  model,  circularity  contours  were  obtained 
by  means  of  the  recording  deflectometer  so  that  the  initial  ouUof-roundness  would  be  known 
at  stations  located  under  the  rings  (odd-numbered  stations  in  Figure  1)  and  midway  between 
the  rings  (even-numbered  stations  in  Figure  1).  A typical  circularity  contour  for  a station 
midway  between  the  rings  is  shown  in  Figure  8.  A complete  set  of  contours  are  shown  in 
Figures  20  through  82  in  Appendix  2.  As  can  be  seen  from  these  figures,  the  initial  out-of- 
roundness  of  the  model  was  more  pronounced  at  the  stations  midway  between  the  rings  than 
at  the  stations  under  the  rings  and  definite  regions  existed  in  the  model  of  maximum  inward 
radial  distortion  and  of  maximum  outward  radial  distortion.  At  any  one  station  these  regions 
were  separated  by  approximately  the  same  central  angle,  but  they  did  not  occur  at  the  same 
angular  orientation  in  the  various  bays.  It  is  interesting  to  note,  too,  that  in  this  model  the 
initial  contours  were  indicative  of  the  number  of  lobos  formed  in  the  model  under  pressure. 

The  area  under  the  no-load  contour  at  each  station  was  determined  with  the  aid  of  a 

pianimeter,  end  the  radius  of  a circlo  with  this  same  area  was  calculated.  With  the  introduction 
of  a scale  factor  (determined  by  the  magnification  used)  the  radius  of  the  circle  obtained  by 
planimetering  may  be  converted  to  the  mean  inside  radius  of  the  model  at  the  corresponding 
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Figure  8 * Progressive  Contours 
of  the  Shell  of  the  Model  Midway 
Between  Stations  9 and  11 


Not*  that  thos*  rogioos  which  ware 
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station.  This  latter  radius  is  denoted  by  Ro  in  Table  2.  Circularity  contours  obtained  at 
the  various  stations  during  the  test  of  Model  BR-5  are  shown  in  Figures  20  through  32  in 
Appendix  2.  The  regions  of  initial  inward  and  outward  radial  distortion  of  shell  plating  did 
not.  in  general,  extend  from  one  bay  into  the  adjacent  one.  There  were  12  regions  initially 
distorted  inward  at  Station  4,  12  at  Station  6,  10  at  Station  8,  and  10  at  Station  10.  By  Holt's 
method  for  measurement  of  out-of-roundness,5  the  maximum  out-of- roundness  for  Model  BR-5 
was  0.0282  in.  located  119  deg  from  the  seam  at  Station  4.  The  maximum  inward  and  outward 
measurements  of  out-of- roundness  for  each  station  as  indicated  by  Holt's  method  are  given  in 
Table  8. 

In  order  to  evaluate  the  circularity  contour  charts,  two  concentric  circles  were  drawn 
on  each  chart  to  furnish  a base  for  absolute  as  well  as  relative  measurements.  The  larger 
circle  represents  a radius  of  13. 247  in.,  and  the  smaller  circle  represents  a radius  of 
18.227  in.  The  difference  between  these  two  radii,  0.02  in.  measured  on  the  model,  cor* 
responds  to  1. 0 in.  on  the  charts  for  which  the  recording  magnification  was  50.  The  two 
circles  were  drawn  on  each  of  the  circularity  charts  to  provide  an  absolute  scale  and  to  fur- 
nish sufficient  data  for  determining  the  actual  radius  of  the  model  at  any  point. 

During  the  first  three  pressure  runs  described  in  Table  1,  the  pressure  was  increased 
at  the  rate  of  10  psi  over  a 1-min  interval  and  was  then  held  constant  for  one  additional  min- 
ute before  pressure  was  again  increased.  A 5-rnin  interval  elapsed  between  the  end  of  Run  1 
and  the  beginning  of  Run  2,  and  also  between  the  end  of  Run  2 and  the  beginning  of  Run  3. 

In  Run  8 the  pressure  was  increased  by  increment*  of  10  psi/mic  until  80  psi  was  reached, 
at  which  Ume  three  lobes  appeared  in  the  cylindrical  shell.  These  lobes  wore  at  119  deg 
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from  the  seam  at  Station  4,  82C  deg  from  the  seam  at  Station  6,  and  280  deg  from  the  seam  at 
Station  10.  Thus  80  psi  was  the  buckling  pressure  for  Model  BR»5.  After  the  circularity  con* 
tours  had  been  obtained  at  all  stations  at  a pressure  of  80  psi,  tho  pressure  ras  reduced  to 
aero,  and  the  circularity  was  taken  in  the  regions  of  these  throe  lobes  at  Stations  8,  4,  5,  6, 
and  10  to  determine  the  residual  radial  deformation  (see  Table  4).  In  Run  4 the  pressure  was 
increased  at  a rate  of  10  psi/min  to  a value  of  80  psi,  at  which  pressure  the  same  t.ureo  lobes 
appeared  as  before.  Circularity  was  then  measured  at  Stations  4,  6,  8,  and  10. 

Upon  completion  of  these  measurements,  the  deflectometer  was  used  to  obtain  circu- 
larity contours  at  various  positions  along  the  lobe  which  occurred  at  119  deg  from  the  seam 
between  Stations  8-  and  5.  These  contours,  which  were  recorded  using  a magnification  factor 
of  25,  are  shown  in  Figure  4.  The  contours  shown  in  Figure  4a  represent  the  entire  lobe  be- 
tween Stations  3 and  5.  The  ‘‘off-set"  contours  shown  in  Figure  4b  represent  that  half  of  the 
lobe  between  Stations  4 and  5;  they  have  been  plotted  in  the  same  manuer  as  those  shown  in 
Figure  4a  except  that  the  origins  of  each  of  the  plots  have  been  translated  along  a radial  line 
so  that  the  contours  do  not  overlap.  The  symmetry  of  this  lobe  is  evident  from  a study  of 
Figurss  4a  end  5. 


TABLE  4 

Maximum  Radial  Displacements  at  80  psi  • Run  3 


Station 

Maxinun  Radial 
Displacement  (A) 

in. 

1 

A 

h 

in. 



Orientation 
(deg  (ran  seam) 

Permanent  Set 
at  End  ot  Run  3 

in. 

1 

\ ■ ■USSI 

beh 

90 

2 

mSBSM 

ID 

3 

■ 

0.1290 

120 

4 

■ 

2.4839 

119 

0.096 

5 

0.1613 

119 

0.007 

6 

1 

0.9032 

315 

0.032 

7 

0.1129 

100 

8 

I 

0.4677 

340 

9 

0.008 

0.1290 

75 

10 

0.148 

2.3871 

280 

0.099 

11 

0.005 

0.0806 

90 

12 

13 

C.015 

0.2419 

185 

i 


Figure  4a  • Contour*  Between  9tationa  3 and  5 


Figure  4b  - Coo  tour*  Between  Station*  4 and  5 
Diaplac ad  to  Elioinata  Orarlap 


Figure  4 - Lobe  Contours  110  deg  from  Seam  at  Pressure  of  80  psi 


The  distance*  between  tha  various  contours  are  ss  follow*: 

(a)  Contour  1 was  tha  peak  of  the  lobe  which  occurred  at  Station  4, 

(b)  Contour  2 was  If  16  In,  from  Contour  1,  (measured  along  a generator  of  the  shell), 

(c)  Contour  3 was  1/2  in*  from  Contour  2, 

(d)  Contour  4 was  1/2  in.  from  Contour  3, 

(e)  Contour  5 was  1/2  in*  from  Contour  4,  and 

(f)  Contois  6#  which  corresponds  to  the  station  at  the  ring,  was  3/4  in.  from  Contour  S. 
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The  recording  probe  was  then  removed,  and  iLe  prossure  was  raised  from  80  psi  to  86 
psi  with  the  appearance  of  4 additional  lobes;  from  86  psi  to  90  psi  six  additional  lobes  ep» 
peered,  and  from  90  pai  to  96  psi  28  additional  lobes.  The  pressure  of  96  psi  was  the  maxi- 
mum  load*carrying  capacity  of  the  model.  Although  pumping  of  the  oil  was  continued  after 
this  pressure  had  been  reachod.  the  pressure  immediately  decreased  to  a value  of  90  psi  and 


Station  3 Stotion  5 


Figure  5 - Comparison  of  Longitudinal  Profile  of  Lobe  119  Degrees  from 
Seam  Between  Stations  3 and  6 with  Theoretical  Curve 


remained  constant  for  several  minutes  before  decreasing  again.  Thirty  minutes  after  the  pres* 
sure  of  95  psi  had  been  attained,  the  pressure  was  55  psi  even  though  pumping  had  been  con* 
tinned  throughout  this  time  interval. 

During  this  time  the  amplitude  of  each  of  the  lobes  increased  with  continued  pumping, 
»a  did  the  number  of  lobes  in  several  of  the  bays.  The  maximum  number  of  lobes  in  any  of  the 
four  equal  bays  was  13,  although  it  was  evident  that  there  was  space  for  14  lobes  in  that  bay. 
This  number  of  lobes  corresponds  to  a central  angle  of  26  deg  for  each  lobe.  The  number  of 
lobes  in  the  various  bays  at  several  pressures  during  the  test,  as  well  as  the  number  remain* 
ing  after  the  removal  of  pressure  at  the  conclusion  of  testing,  is  tabulated  ir  Table  5.  When 
the  pressure  had  dropped  to  55  psi  pumping  was  discontinued,  the  pressure  was  released, 
and  the  test  was  terminated  because  of  excessively  large  deformations  of  the  model.  The 
variation  of  the  ratio  of  radial  displacement  to  shell  thickness  with  pressure  is  shown  in  Fig* 
ure  6 for  14  points  located  around  the  periphery  of  Station  10.  These  graphs  suggest  that 
those  regions  initially  distorted  inward  were  displaced  further  inward  with  a smooth  displace* 
ment  curve  and  those  regions  initially  distorted  outward  tended  to  deflect  further  outward  with 
an  irregular  displacement  curve. 


TABLE  5 

Number  of  Lobes  in  Various  Bays  at  Several  Pressures 


Run  4 

j 

Nuaber  of  Lobes  Between  Stations  I 

Pressure 

Stations 

Stations 

Stations 

Stations 

Stations 

Stations 

psi 

1 and  3 

5 and  5 

5 and  7 

7 and  9 

9 and  11 

i 11  and  13 

80 

1 0 

1 

1 

0 

1 

0 

85 

0 

1 

1 

3 

2 

0 

90 

0 

2 

3 

4 

4 

0 

95* 

0 

10  ; 

7 

10 

9 

0 

90 

0 

11 

12 

11 

9 

0 

85 

0 

12 

12 

11 

11 

0 

70 

(No  new  lobes) 

60 

(No  new  lobes) 

0 

0 

12 

13 

12 

12 

0 

(end  of  test) 

! *Hiffeaat  pfttioiw  that  w&t  r*ftch«d  daring  tha  taat»  Additional  pumping  incraaaad  tha  numbar  of  lobaa  and  1 

1 thalr  aiza  but  was  accotnpaniad  by  a dacraasa  in  praatora. 

I 
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DISCUSSION  OF  RESULTS 

From  a study  of  Figures  20  through  82  (Appendix  2)  and  from  a consideration  of  the 
values  of  out-of-roundness  given  in  Table  8,  it  is  apparent  that  the  greatest  initial  eccentrio- 
ity  existed  at  Station  4.  Stations  4 and  6 had  the  maximum  number  of  initial  inward  distor- 
tions.  The  mean  inward  radial  displacement  per  unit  preosure  at  Stations  2 through  12  is 
tabulated  in  Table  6 and  shown  graphically  in  Figure  7.  These  results  were  obtained  from 
data  taken  at  pressures  not  exceeding  70  pai  since  that  was  the  highest  pressure  at  which 
linear  action  of  the  model  was  observed.  In  fact,  the  mean  inward  displacement  was  first 
computed  using  the  pressure  interval  from  0 pai  to  either  40  or  60  psi  (depending  upon  the 
particular  station)  and  then  using  the  interval  from  0 psi  to  either  60  or  70  psi.  The  dis- 
placements  per  unit  pressure  were  different  in  these  two  cases,  as  shown  in  Figure  7.  The 
mean  of  these  two  computed  values  at  each  station  is  shown  in  Table  6.  Th»re  seems  to  be 
little  explanation  of  this  irrational  behavior.  One  possible  reason  could  be  the  effect  of  re- 
sidual welding  stresses  in  the  model;  another  could  be  some  undetected  fault  in  the  record- 
ing deQectometer.  A somewhat  similar  behavior  was  noticed  during  test  of  Model  BR-1. 

From  Table  6,  the  mean  inward  radial  displacement  at  the  rings  bordering  the  four  equal  bays 
was  0.000026  in.  per  unit  pressure,  while  at  the  stations  midway  between  these  rings  it  was 
0 .000086  in.  per  unit  pressure.  At  the  bulkhead  ring  and  also  at  Station  1,  the  radial  dis- 
placements shown  on  the  circularity  charts  were  too  small  to  measure  with  accuracy. 

Permanent  set  after  removal  of  the  pressure  of  80  psi  (at  the  end  of  Run  3)  is  evident 
in  the  regions  of  the  first  three  lobes  as  may  be  seen  from  Figures  23,  26,  and  29.  From  this 


TABLE  6 


Mean  Inward  Radial  Displacements  at  Various  Stations* 


Station 

Displacement 
per  psi 

in. 

2 

0.00006322 

3 

0.00002501 

4 

0 .00007469 

5 

0.00003277 

6 

0.00008250 

7 

0 .00003350  ! 

8 

0.00009595 

9 

0. 000012B7 

10 

0.00010000 

11 

0.00002041 

12 

0.00010174 

* Displacement*  given  are  those  obtained  from  pressures  of  40  - 50  and  60  -70  psi. 

Stotions 


Figure  7b  - Stations  Directly  Under  Rings 


Figure  7 • Curves  of  the  Average  Radial  Displacements  at  Longitudinal  Stations 
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it  may  be  concluded  that  none  of  these  lobes  was  confined  to  the  elastic  range  of  action  of 
the  material.  All  three  of  these  lobes  were  formed  by  the  continued  increase  in  amplitude  of 
the  initial  inward  distortions  existing  at  those  regions  with  no-load  acting  on  the  shell.  Table 
4 gives  the  maximum  radial  displacement  at  each  station  for  a pressure  of  80  pai  and  also  the 
permanent  »9t  (after  removal  of  pressure)  at  the  corresponding  points  for  Stations  4,  6,  6,  and 
10. 

The  longitudinal  profile  along  the  central  line  of  the  lobe  at  119  deg  from  the  neam  be* 
tween  Stations  3 and  5 may  be  determined  from  Figure  4a.  This  experimentally  determined 
profile  is  plotted  as  a solid  line  in  Figure  5.  On  this  same  figure  there  is  also  plotted  the 
function 

*) 

where  w is  the  radial  component  of  displacement  of  a particle  in  the  median  surface  of  the 
shell  and  x is  the  longitudinal  coordinate  measured  from  the  third  point  of  the  weld  as  shown 
in  Figure  5.  (In  this  report  it  has  been  assumed  that  the  third  of  the  weld  toward  the  center 
of  the  bay  offers  no  support  to  the  shell.)  For  Model  BR-5,  L equals  4.92  in.  It  :3  apparent 
that  this  function  is  a fairly  good  approximation  to  the  buckled  configuration. 

The  following  observations  may  be  made  from  a further  study  of  Figures  20  through  82: 

L At  each  ring  the  inward  radial  displacement  was  fairly  uniform  around  the  periphery  of 
the  model,  the  maximum  occurring  150  deg  from  the  seam. 

2.  For  those  stations  located  midway  between  rings  in  the  four  equal  bays  of  the  model, 
the  initial  no*load  contours  of  the  model  were,  for  the  most  part,  qualitatively  preserved  as 
the  pressure  increased.  The  regions  that  were  originally  distorted  inwardly  moved  toward  the 
center  of  the  model,  while  those  initially  distorted  outwardly  tended  to  remain  at  those  same 
initial  points  without  any  noticeable  outward  displacement.  However,  at  points  on  either  aide 
of  each  of  the  three  lobes  recorded  at  80  psi,  there  were  outward  radial  displacements  at 
regions  which  had  initially  been  distorted  inwardly. 

After  the  pressure  had  increased  to  a value  sufficient  to  cause  the  formation  of  lobes, 
it  was  noticed  that  the  closure  plaie  at  the  end  of  the  model  had  become  skewed  with  respect 
to  the  longitudinal  axis.  As  the  pressure  was  increased,  the  longitudinal  distances  that  once 
identified  the  18  stations  were  no  longer  valid. 

The  history  of  the  lobe  formations  leading  to  failure  of  the  shell  may  be  seen  in  Fig- 
ures 8 and  9.  In  Figure  8c,  20  lobes  are  visible,  6 in  each  of  the  four  equal  bays.  It  is  inter- 
esting to  note  how  evenly  the  lobes  have  formed  in  the  shell,  yet  in  adjacent  bays  the  lobes 
are  staggered  in  such  a manner  that  they  have  the  same  circumferential  spacing  and  angular 
orientation  around  the  periphery  in  alternate  bays.  This  same  phenomenon  was  observed  for 
Model  BR-1.  Without  a further  increase  in  pressure,  the  lobes  continued  to  increase  both  in 
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Figure  8 • Progressive  Formation  of  Lobes  as  Pressure  Increased  in  Final  Run 
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number  and  amplitude  until  their  amplitudes  finally  became  excessive  in  the  bay  between  Sta- 
tions  5 and  7.  This  is  shown  a Figures  h and  9.  This  failuro  was  characterized  by  a chain 
of  18  interlocking  lobes  with  additional  dormant  lobes  in  the  surrounding  bays.  There  was 
just  enough  room  left  in  this  bay  for  another  lobe  which  would  have  given  a total  of  14.  Nine 
of  the  18  lobee  that  were  actually  formed  in  the  bay  between  Stations  S and  7 may  be  seen  in 
Figure  9c. 

[ 

COMPARISON  OF  RESULTS  WITH  THEORY 

i 

BUCKLING  PRESSURE 

Figure  10  shows  the  variation  in  number  of  lobes  with  pressure  as  determined  by  the 
von  Mises’  equation.  The  von  Mises’6  theory  for  predicting  the  buckling  pressure  of  a cylindri- 
cal shell  of  finite  length  having  the  geometry  of  Model  BR-6  and  subject  to  hydrostatic  pres- 
sure yields  a minimum  budding  pressure  of  128  psi  for  a buckled  configuration  of  16  lobes. 

The  Experimental  Model  Basin  formula1,  a simplification  of  von  Mises'  work,  yields  a buck- 
ling pressure  of  129  psi,  and  Tokugawa’s  theory7  predicts  a buckling  pressure  of  134  psi  with 
either  16  or  16  lobes.  In  each  of  these  theories,  only  the  elasticity  of  the  shell  plating  is 
considered,  and  the  effect  of  the  reinforcing  rings  upon  the  elastic  behavior  and  stability 
strength  is  completely  disregarded;  hence  it  is  uncertain  that  these  theories  should  apply  with 
any  degree  of  accuracy  to  a ring-reinforced  cylindrical  shell.  Model  BR-5  buckled  at  a pres- 
sure of  80  psi  with  a configuration  of  14  lobes. 

The  von  Mises*  theory  for  predicting  the  buckling  pressure  yields  a value  of  134  psi  for 
a buckled  configuration  of  14  lobes.  This  is  the  number  of  lobes  that  would  have  formed  in 

the  model  if  the  buckling  deformations 
had  been  axisymmetric.  In  reality  the 
greatest  number  of  lobes  that  formed  in 
any  one  of  the  four  equal  bays  was  18. 

The  effect  of  the  rings  on  stabil- 
ity strength  of  cylindrical  shells  has 
been  considered  in  theories  developed 
by  Salerno  and  Levine.8  In  one  of  a 
series  of  papers,  S&lemo  assumed  a dis- 
placement pattern  at  buckling  correspond- 
ing to  rigid  end  supports  of  the  sholl. 

The  reinforcing  rings  were  token  to  be  in- 
finitely rigid;  hence  no  strain  energy  was 
absorbed  by  them.  This  analysis,  ap- 
plied to  Model  BR-6,  yields  a buckling 
pressure  of  178  psi  with  a buckled 


Figure  10  - Variation  in  Number  of  Lobes 
with  Pressure  as  Computed  by 
von  Mises'  Equation 
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configuration  involving  16  or  16  lobes.  This  valuo  was  regarded  by  Salerno  as  constituting  an 
upper  Limit  to  the  hydrostatic  buckling  pressure  of  an  infinitely  iong,  circular,  cylindrical  shell 
reinforced  by  eveniy  spaced  rings.  In  another  paper  of  this  series,  Salerno  presented  a theory 
that  predicts  a buckling  pressure  of  168  pai  for  a model  having  the  geometry  of  BR-5.  This 
theory  assumes  that  the  only  displacement  of  the  tings  consists  of  bending  out  of  their  own 
planes. 

OUT-OF-ROUNDNESS 

The  values  of  buckling  pressure  obtained  by  the  various  theories  pertain  to  a geometri* 
cally  perfect,  circular,  cylindrical  shell.  Since  the  model  tested  exhibited  a marked  oubof- 
roundness  before  the  pressure  was  applied,  it  was  necessary  to  apply  a correction  factor  to 
each  of  these  theoretical  pressures.  The  maximum  initial  out-of-roundness  occurred  119  deg 
from  the  longitudinal  seam  at  Station  4 with  an  initial  deviation  from  true  circularity  of 
0.0282  in.  Thus  the  maximum  ratio  of  eccentricity  to  shell  thickness  was  0. 374.  A semi* 
rigorous  analysis  of  the  reduction  in  buckling  pressure  because  of  initial  deviation  from  true 
cularity  in  an  initially  out-of-roundness  cylinder.  Sturm's  analysis  for  the  reduction  in  buck- 
ling pressure  due  to  initial  out-of-roundness  presupposes  the  method  for  measurement  of  out- 
of-roundness  advanced  by  Holt.s  As  applied  to  Model  BR-5,  the  reduction  in  buckling  pres- 
sure for  various  values  of  the  ratio  of  eccentricity  to  shell  thickness  is  plotted  in  Figure  11. 
From  this  plot  it  may  be  seen  that  an  eccentricity-thickness  ratio  of  0.374  corresponds  to 
buckling  pressures  of  77  psi  for  16  lobes  (lower  curve),  92  psi  for  14  lobes  (middle  curve), 
based  upon  von  Mises’  values,  and  107  psi  (upper  curve)  based  upon  Salerno’s  theory.  As 
noted  in  the  previous  section,  the  first  lobe  formed  at  80  psi.  The  92-psi  theoretical  buckling 
pressure,  for  14  lobes,  was  15  percent  higher  than  the  experimental  pressure  of  80  psi.  It 
should  be  noted,  however,  that  the  von  Mises*  equation  neglects  the  effect  of  the  rings  on  the 
stability  strength  of  the  cylindrical  shell  and  hence  is  not  strictly  applicable  in  a theoretical 
study  of  the  buckling  strength  of  this  model. 

it  may  be  of  interest  to  consider  the  application  to  Model  BR-6  of  the  dimensionless 
parameters  introduced  by  Windenburg.1  When  the  theoretical  calculations  were  made,  it  was 
rather  arbitrarily  decided  to  disregard  the  portion  of  the  weld  near  the  toe  and  to  consider  as 
effective  only  that  portion  between  the  face  of  the  ring  and  a point  two-thirds  of  the  distance 
from  the  face  to  the  toe  of  the  weld.  Thus  L was  considered  to  be  the  distance  between  the 
iiuier  third-points  of  the  welds  on  adjacent  rings;  on  this  model  this  distance  was  4. 92  in. 
Model  BR-6  was  characterized  by  the  parameters  L/2R  - 0 . 1840  and  h/2R  - 0. 0C232.  This 
value  of  L together  with  the  known  values  of  h,  R,  G,  and  <jy  leads  to  a "thinness  factor" 

A of  1.  705  and  a "pressure  factor"  tp  of  0 . 815  based  upon  the  pressure  of  80  poi  at  which 
the  first  lobe  formed.  This  point  is  plotted  on  0-A  coordinates  as  shown  by  the  lower  of  the 
two  points  on  Figure  12.  The  point  plotted  above  this  corresponds  to  the  maximum  load-carry- 
ing capacity  of  the  model,  which  was  95  psi.  In  addition  to  these  two  points,  two  cur/es  also 
appear  on  Figure  12:  The  lower  of  the  two  represents  von  Mises'  solution  for  an  unreinforced 


Figure  11  • Reduction  in  Buckling  Pressure 
of  s Geometrically  Perfect. Ring-Stiffened 
Cylindrical  Shell  for  Various  Eccen- 
tricity-Thickness Ratios  (e/h)  for 
Model  BR-5,  as  given  by  Sturm’s 
Equation 

The  lower  curve  represents  the  reduced  pressure  based 
upon  the  tod  Mi  see  value  of  123  pal  for  16  lobes;  the 
middle  currw  represents  the  corresponding  vslue  (or  a 
von  Mises  pressure  of  134  pal  for  14  lobes;  and  the 
i^rper  curve  represents  the  reduced  pressure  based  upon 
Salerno's  vslue  of  173  psi  for  s perfect  stiffened  cylin- 
der with  clamped  ends. 
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cylindrical  shell,  and  the  upper  represents  Salerno’s  solution  for  a cylindrical  shell  with 
clamped  ends.  These  two  curves  are  thought  by  Salerno  to  delineate  lower  and  upper  limits  to 
the  hydrostatic  buckling  pressure  of  tui  iuTuiUjy  long,  circular  cylindrical  shell  reinforced  by 
evenly  spaced,  perfectly  rigid  rings. 

The  tabulation  of  mean  inward  radial  displacement  per  unit  pressure  at  various  stations 
in  the  four  equal  bays  of  Model  BR-5  (presented  in  tabular  form  in  Table  6)  showed  that  the 
average  inward  radial  displacement  was  0. 000086  in.  per  unit  pressure  midway  between  rings 
and  0.  000025  in.  per  unit  pressure  at  the  rings.  In  Model  BR-1,  the  corresponding  values  were 
0.000071  in.  and  0.000027  in.,  respectively.  The  Salerno-Pulos  theory  for  stress  distribution 
in  a ring-reinforced  cylindrical  shell10  predicts  a value  of  0.000088  in.  per  unit  pressure  mid- 
way between  rings  and  0 . 00008?  in.  per  unit  pressure  at  the  rings.  Therefore  the  inward  radi- 
al displacements  predicted  by  the  Salerno-Pulos  theory  are  0. 97  and  1.  48  times  the  experi- 
mental values,  respectively. 

Pointa  corresponding  to  the  pressure  required  to  cause  either  buckl;ng  or  yielding  of  all 
known  models  of  an  unclassified  nature  ore  plotted  on  0-A  coordinates  in  figure  IS.  For  those 
models  that  failed  by  elastic  instability,  the  pressure  plotted  is  that  at  which  tho  first  lobe 
formed  in  the  shell.  The  curve  shown  represents  the  relationship  of  the  buckling  pressure  j> 
expressed  in  terms  of  a dimensionless  pressure  factor  tfi  to  the  dimensionless  parameter  A as 
obtained  by  a simplification  of  the  von  Mises  equation.6 
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Figure  12  - Curves  Representing  Upper  and  Lower  Limits  of  Buckling  Pressure  of 
Ring-Stiffened  Cylinders  Made  of  Steel  Having  a Yield  Strength  of  64,400  psi 


COMPARISON  OF  MODEL  BR-5  WITH  MOCEL  BR-1  • 

Models  BR-5  and  BR-1  were  tested  to  destruction  under  the  action  of  external  hydro- 
static pressure.  Instability  failure  occurred  in  both  models  with  the  formation  of  lobes  in  the 
shell  at  a pressure  of  80  psi.  The  maximum  sustaining  pressure  was  96  psi  for  the  BR-5  and 
107  psi  for  BR-1.  During  the  test  of  BR-5,  18  lobes  formed  in  one  of  the  four  equal  bays  with 
space  enough  for  one  additional  lobe  so  that  14  could  have  formed  around  the  periphery  of  the 
shell  if  the  deformations  had  been  axisymmetric.  The  lobe  formations  in  BR-1  were  such  that 
15  or  16  oould  have  formed  around  the  pheriphery  of  the  shell. 

Elastic  behavior  was  nonuniform  for  both  models  in  that  the  radial  displacements  did 
not  demonstrate  a linear  relationship  with  pressure. 

Although  the  initial  buckling  pressures  were  the  same  for  both  models,  the  final  mode 
of  failure  was  different.  Model  BR-5  failed  with  a chain  of  18  circumferential  lobes  between 
Stations  5 and  7.  Model  BR-1  failed  after  buckling  by  a circumferential  rupture  of  the  shell  at 
Station  7,  immediately  under  the  toe  of  the  wold  joining  the  reinforcj*'g-ring  to  the  shell.  Both 
failures  occured  in  the  same  bay,  namely  Stations  5-7. 

The  markedly  greater  outrof-roundness  of  Model  BR-1  as  compared  with  that  of  BR-5 

does  not  seem  to  have  produced  a corresponding  decrease  in  the  buckling  pressure.  The  ec- 
centricity-thickness ratio  was  1.028  for  BR-1  as  compared  with  0 . 874  for  BR-6. 


_ ii 


:,-;V-t^A  U(lr‘.r'4  **•  v * • 


p£*rjr 


24 


CONCLUSIONS 

From  a study  of  test  results,  the  following  conclusions  may  be  drawn: 

1.  The  elastic  behavior  was  nonlinear  at  all  pressures,  even  those  below  that  at  which 
buckling  occurred.  Measurements  from  the  circularity  contour  charts  showed  that  the  radial 
displacements  did  not  exhibit  a Linear  relationship  with  pressure.  The  deformation  pattern 
prior  to  buckling  was  mainly  an  exaggeration  of  the  initial  distortion  of  the  shell  such  that 
those  regions  which  were  originally  distorted  inward  displaced  inwardly,  and  those  initially 
distorted  outward  remained  in  the  same  position  with  very  little  displacement  either  inward  or 
outward.  This  was  true  in  each  of  the  four  equal  bays  for  Models  BR-5  and  BR-1. 

2.  From  an  examination  of  the  lobe  formation  during  the  test  and  also  from  the  pictures, 
it  was  noted  that  the  lobes  in  adjacent  bays  were  staggered.  Furthermore,  with  such  stagger 
thero  was  virtually  no  rotation  of  the  generator  at  the  two  frames  which  contained  a lobe. 

This  mode  of  deformation  differs  considerably  from  the  von  Mises  assumption  of  no  rotational 
restraint  at  the  edge  of  a finite  cylinder  but  is  in  agreement  with  one  of  the  analyses  of 
Salerno  and  Levine.  After  pressure  was  relaxed  following  the  first  occurrence  of  buckling,  the 
lobes  did  not  completely  disappear,  so  that  the  stability  action  in  Model  BR-5  cannot  be  re- 
garded as  purely  elastic.  The  longitudinal  profile  of  a lobe  measured  normal  to  a go  no  ra  tor 
was  found  to  be  approximately  of  the  form 

(nX\ 

1 - cos  ' \ 

~2 

where  L - 4. 92.  An  equation  similar  to  this  was  found  to  define  the  longitudinal  profile  of  a 
lobe  measured  normal  to  a generator  during  the  test  of  BR-1. 

3.  The  pressure  at  which  buckling  occurred  (80  psi)  was  considerably  less  than  that  pre- 
dicted by  the  theories  of  von  Mises  (123  psi)  or  Salerno  and  Levine  (173  psi).  The  discrep- 
ancy in  some  part  may  be  attributed  to  the  initial  out-of -roundness  of  the  model  and  residual 
welding  stresses. 

4.  When  buckling  occurred  at  80  psi,  lobes  had  formed  at  the  regions  of  maximum  out-of- 
roundness. 


ACKNOWLEDGMENTS 

The  planning  of  the  basic  research  investigation  of  elastic  instability  of  ring-reinforced 
cylinders  was  under  the  guidance  of  Dr.  E.  Wenk,  Jr.  The  authors  would  also  like  to  express 
their  thanks  to  Mr.  R.L.  Waterman  for  his  assistance  during  conduct  of  the  test. 

The  design  and  development  of  the  automatic  recording  deflectometer  used  during  this 
test  and  to  be  used  during  future  model  Le&ts  was  done  primarily  by  Dr.  E.  Wenk,  Jr.,  Messrs. 
E.E.  Johnson,  W.S.  Campbell,  R.G.  Tuckerman,  J.C.  Boylo.H.E.  Prucha,  and  L.A.  Lofgren. 


25 


APPENDIX  1 

THE  AUTOMATIC  RECORDING  DEFLECTOMETER 

The  automatic  recording  deflectometor  is  an  instrument  which  was  specially  designed 
and  built  to  record  the  circularity  of  cylindrical  shell  models  at  no  load  and  also  while  pressure 
was  acting  on  the  model,  A schematic  diagram  of  the  deflectometer  is  shown  in  Figure  14. 

The  assembly  and  basic  components  are  shown  in  Figures  15  through  19,  inclusive.  The  basic 
components  are 

a.  The  tripod,  which  rests  in  a fixed  position  on  the  head  of  the  pressure  tank,  (Figure  16), 

b.  A shaft  which  turns  in  a bushing  at  the  center  of  the  tripod  and  rests  in  a tapered  bear- 
ing at  the  lower  end  of  the  shaft,  (Figure  17), 

c.  A detachable  probe  (Figure  18),  and 

d.  The  recorder  turntable,  which  includes  the  pen  and  chart^driving  mechanism  (Figure  19). 

The  shaft  is  driven  by  a 230-v,  d-c  reduction-gear  motor;  the  output  shaft  turns  at  68 
rpm  at  rated  load.  The  motor  is  shock-mounted  to  the  tripod  and  powers  the  shaft  through  a 
worm  and  wheel  gear.  With  200  ohms  resistance  in  the  armature  circuit,  the  shaft  turns  at 
0. 5 rpm.  The  probe  carder  is  keyed  to  the  shaft  and  consequently  turns  with  it.  It  can  also 
be  moved  vertically  along  the  shaft  to  allow  positioning  of  the  probe  at  vadous  elevations  dur- 
ing the  test.  In  order  to  obtain  the  vertical  elevations,  a graduated  metal  tape  is  attached  to 
to  the  probe  carder.  One  end  of  the  tape  is  secured  to  the  carder,  and  the  remaining  portion 
of  the  tape  is  run  over  a small  wheel,  whoso  axis  is  stationary  with  respect  to  the  shaft. 
Vertical  probe  positions  may  then  be  read  from  the  metal  tape.  The  free  or  loose  end  of  the 
tape  hangs  inside  the  Unk  and  is  weighted  so  as  to  remain  taut.  The  counterbalance  weight 
also  tends  to  relieve  the  downward  pull  due  to  the  weight  of  the  probe  mechanism.  The  verti- 
cal movement  of  the  shaft  and  probe  is  controlled  by  a chain  drive  which  is  operated  manually; 
after  the  probe  carder  has  been  positioned,  it  is  held  in  place  by  braking  the  probe  carder  a- 
gainst  vertical  movements.  The  top  ddving  sprocket  is  attached  to  the  upper  portion  of  the 
shaft  by  a collar  and  the  guiding  sprocket  is  attached  to  the  hng  which  carries  the  ball  joint 
at  the  bottom  of  the  shaft.  The  ends  of  the  chain  are  attached  to  the  probe  carder.  The  ddv- 
ing sprocket  is  actuated  by  a hand  '■/ank  connected  to  a worm  drive. 

The  chart  on  which  circularity  is  recorded  is  carded  on  a turntable  with  gear  teeth 
along  its  outer  edge.  The  rotation  of  this  chart  is  locked  electrically  to  the  rotation  of  the 
shaft.  Two  selsyn  motors  are  used:  (a)  the  primary,  which  is  shock-mounted  on  a brackot 
that  is  welded  to  the  tripod  and  (b)  the  secondary,  which  is  geared  to  the  turntable.  For  one 
turn  of  the  selsyn  on  the  tripod  there  is  a corresponding  turn  of  the  selsyn  on  the  recording 
turntable,  which,  in  turn,  rotates  the  chart.  Since  the  gear  ratio  of  the  primary  selsyn  to  the 
gear  ratio  of  the  primary  selsyn  to  the  gear  on  the  shaft  is  the  same  as  that  of  the  secondary 
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selsyn  to  the  turntable  (both  being  38:1),  a certain  angular  rotation  of  the  deflectometer 
shaft  produces  a corresponding  rotation  of  the  turntable.  As  long  as  the  two  selsyns  are  ener- 
gized, the  turntable  is  locked  electrically  to  the  shaft.  If,  however,  they  are  de-energized  dur- 
ing z test,  the  turntable  must  be  repositioned.  The  repositioning  is  brought  about  by  the  sec- 
ondary selsyn  which  locks  at  approximately  every  9 . 5 deg  rotation  of  the  turntable.  Reposi- 
tioning is  easily  accomplished  by  placing  the  probe  on  a reference  point,  de-energizing  the 
selsyn,  and  then  placing  the  recording  pen  at  the  doaired  reference  on  the  chart.  The  chart  is 
again  locked  correctly  to  the  shaft  by  re-energizing  the  selsyn. 

The  recording  mechanism  can  be  adjusted  to  indicate  magnifications  of  5,  10,  25,  or  50 
times  the  initial  out-of-roundness  of  the  cylindrical  shell  being  tested.  For  example,  if  a 
magnification  factor  of  50  is  used  during  a test  and  a 1.0-in.  radial  displacement  is  recorded 
on  the  circularity  chart,  then  the  radial  displacement  in  the  model  at  the  corresponding  point 
was  0.02  in. 

The  probe  consists  mainly  of  a steel  case  which  is  bolted  to  the  probe  carrier  on  the 
shaft.  A 8m all  metal  wheel  at  the  end  of  the  probe  shaft  is  spring-loaded  so  that  it  caa  travel 
along  the  inner  surface  of  the  cylindricaTshell,  thus  giving  the  circumferential  contour  of  the 
model  at  a given  station  under  a known  test  pressure.  The  probe  shaft  acts  as  the  oore  of  a 
differentially  wound  transformer  which  has  been  installed  inside  the  metal  casing.  The  sec- 
ondary output  of  the  differential  transformer  is  fed  into  an  electronic  bridge  circuit  which  ener- 
gizes a pen  motor  drive;  this,  in  turn,  positions  the  pen  on  the  circularity  chart.  By  virtue  of 
the  radial  positioning  of  the  pen  plus  the  angular  rotation  of  the  turntable,  a circularity  curve 
is  traced. 


Figure  14  - Schematic  Diagram  of  Automatic 
Recording  Deflectometer 
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Figure  16  - Tripod,  Shaft,  and  Driving  Motor  of  Automatic  Recording  Deflectometer 

The  tripod  rests  upon  the  top  of  thu  37-ln.-dlc'net#c  hydroststtc-pressure  test  tenlu 
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Figuro  15  ■ Assembly  of  Automatic  Recording  Deflectometer 
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Figure  18  - Probe  of  Automatic  Recording  Deflectometer 


The  probe  it  maintained  in  an  outward  position  by  means  of  the  spring*  The  small  metal  wheel  «t 
the  end  of  tho  probe  shaft  is  In  contact  with  the  interior  of  the  cylindrlcol  shell  while  traversing  the 
periphery  of  tho  ahelU 


Figure  17  - Top  View  of  Automatic  Recording  Deflectometer 
Looking  Down  into  Test  Tank 

This  view  shows  how  the  tripod  rests  upon  the  top  of  the  teat  tank 
and  also  how  tha  vertical  shaft  is  c entered  within  the  model. 
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Figure  28  - Circularity  Contours 
at  Station  7 


Figure  27  - Circularity  Contours 
at  Station  8 


Figure  80  • Circularity  Contours 
at  Station  11 


Figure  31  • Circularity  Contours 
at  Station  12 
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